Abstract The eutrophication of many ecosystems in recent decades has led to an increased interest in the ecology of nitrogen transformation. Chemolitho-autotrophic ammonia-oxidizing bacteria are responsible for the rate-limiting step of nitrification in a wide variety of environments, making them important in the global cycling of nitrogen. These organisms are unique in their ability to use the conversion of ammonia to nitrite as their sole energy source. Because of the importance of this functional group of bacteria, understanding of their ecology and physiology has become a subject of intense research over recent years. The monophyletic nature of these bacteria in terrestrial environments has facilitated molecular biological approaches in studying their ecology, and progress in this field has been rapid. The ammonia-oxidizing bacteria of the β-subclass Proteobacteria have become somewhat of a model system within molecular microbial ecology, and this chapter reviews recent progress in our knowledge of their distribution, diversity, and ecology.
INTRODUCTION

Chemolitho-Autotrophic Ammonia Oxidation
Chemolithotrophic nitrification is a two-step process, consisting of the conversion of ammonia to nitrite, which is in turn converted to nitrate. These steps are carried out by two different groups of organisms, the ammonia-oxidizing bacteria and the nitrite-oxidizing bacteria (AOB and NOB), respectively (205, 211) . There are no known autotrophic bacteria that can catalyze the production of nitrate from ammonia. This review focuses on AOB and the development of molecular tools to study these organisms, which all have in common the ability to utilize ammonia as a sole source of energy and carbon dioxide as the chief source of carbon (72) . AOB are chemolitho-autotrophs and are obligate aerobes, although some species may be highly tolerant of low oxygen or anoxic environments (26). Further to their physiological uniformity, Head et al (66) used 16S rRNA gene sequence data to indicate that all known aerobic AOB isolates were restricted to two evolutionarily distinct lineages of the class Proteobacteria. Furthermore, it was demonstrated that all strains isolated from terrestrial and freshwater environments belonged to a single (monophyletic) evolutionary group within the β-subclass of the class Proteobacteria, providing evidence of their descent from a single chemolithoautotrophic ammonia-oxidizing ancestor.
The unique conversion of ammonia to nitrite by AOB involves a compound reaction, proceeding via hyroxylamine, as depicted in the following two reactions. ) is used as substrate, and the ammonia/ammonium ratio may therefore affect growth (180, 215) . A membrane-bound, multisubunit enzyme, ammonia monooxygenase (AMO), catalyzes the first reaction; a periplasm-associated enzyme, hydroxylamine oxidoreductase (HAO), catalyzes the second. Two of the electrons produced in the second reaction are used to compensate for the electron input of the first reaction, whereas the other two are passed via an electron transport chain to the terminal oxidase, thereby generating a proton motive force. (C) 2H + + Despite the inability to grow on organic substrates, hydrolysis of urea (Equation E) can be used by some species as a primary ammonia source. (E ) (NH 2 ) 2 C = O + H 2 O → 2NH 3 + CO 2 .
At least two possibilities exist for the anaerobic oxidation of ammonia. The first has been demonstrated with typical aerobic ammonia-oxidizing strains, which can reduce nitrite or nitrogen dioxide using hydroxylamine or ammonia as electron donor (23, 158) . Although this process is not thought to support cell growth, it may provide sufficient energy to allow survival under anaerobic conditions. A second anaerobic-autotrophic ammonia-oxidation mechanism, coined the Anammox process, has been attributed to a group of organisms within a deep-branching clade of the Planctomycetales (156, 178) . Reactors dominated by these obligate anaerobes produce N 2 from ammonia and nitrate (123) via the intermediates hydroxylamine and hydrazine. It is not yet known to what extent anaerobic ammonia oxidation occurs in natural environments. These exciting processes receive only cursory attention in this chapter, and readers are referred to recent reviews by Jetten et al for expert information on these topics (80a, 81) .
Distinct from autotrophic ammonia oxidation, ammonia can also be transformed by a number of heterotrophic fungi and bacteria (104, 106, 168) . The physiological consequences of heterotrophic nitrification and its importance in various environments remain topics of debate falling outside the scope of this review (47, 71, 88, 89, 93, 151, 188, 209) . Despite the controversy surrounding techniques used to separate the effects of autotrophic versus heterotrophic nitrification, such as use of selective inhibitors such as acetylene (78) , 15 N dilution techniques (14), and other process-oriented approaches (100) , it is generally accepted that chemolithotrophs are the primary nitrifiers in many systems. Methane-oxidizing bacteria (MOB) also possess the ability to transform ammonia owing to the broad substrate specificity of the particulate methane monooxygenase enzyme (pMMO) (72) . The cotransformation of ammonia by MOB may have a significant impact on nitrification activities in environments where these organisms are present in high numbers (25, 27 ).
Role of Ammonia-Oxidizing Bacteria in Nitrogen Cycling
The main natural sources of environmental ammonia are nitrogen fixation and mineralization, with the latter being linked most directly to autotrophic ammonia oxidation. In addition, the amount of ammonia deposited either directly or indirectly because of agricultural and industrial activities has dramatically increased in recent decades (21, 58, 62) .
Ammonia oxidation is the primary step in the oxidation of ammonia to nitrate and is therefore central to the global nitrogen cycle (Figure 1 ). Ammonia oxidation is thought to be the rate-limiting step for nitrification in most systems, as nitrite is rarely found to accumulate in the environment (45, 49, 53, 141) . Nitrification can positively or negatively affect nitrogen retention in a system, depending on the environmental conditions. Ammonia is highly volatile and therefore readily lost from some systems. In such cases, nitrification may facilitate nitrogen retention
Figure 1
Nitrogen cycling and turnover: 1, atmospheric input; 2, nitrogen fixation; 3, immobilization (assimilation); 4, mineralization (ammonification); 5, aerobic ammonia oxidation; 6, nitrite oxidation; 7, denitrification; 8, anaerobic ammonia oxidation (annamox); 9, volatilization; 10, nitrate leaching. (After Tietema et al 181a.)
by oxidizing ammonia to less volatile nitrogen forms. Nitrification can lead to a net loss of nitrogen from environmental systems via at least three different mechanisms. First, the eventual production of nitrate can fuel denitrification, which is the main pathway for the elimination of fixed nitrogen from environmental systems. Second, the product of ammonia oxidation, nitrite, can undergo chemodenitrification, and it is not known to what extent this process affects nitrogen losses. A third important route to nitrogen loss is through nitrate leaching from soil. Whereas anionic NH 4 + molecules bind well to cationic soil particles, NO 3 − is far more mobile and therefore readily lost to adjacent watercourses by leaching.
The majority of estimates regarding the role of nitrification are based upon measurements of key compounds within the nitrogen cycle (Figure 1) . However, such measurements do not reflect the dynamics of nitrogen transformations, thus providing a net result at best. Standing nitrate levels are not indicative of nitrification levels owing to nitrate uptake by plants, microbial turnover, immobilization, and numerous other factors (169) . Gross measurements or process-oriented approaches offer a much better measurement of actual activity.
Economic Importance and Utilization of Ammonia-Oxidizing Bacteria
Biological ammonia oxidation is the first step in the removal of nitrogen during the treatment of waste. With the dramatic increase in nitrogenous wastes due to the expansion of animal husbandry, nitrogen-producing industries, and human activities, the handling of nitrogenous wastes has become a critical factor in environmental management. Ammonia is the predominant inorganic nitrogen source of influent material, and nitrogen loss is typically due to the processes of nitrification, followed by denitrification. The removal of nitrogen from waste treatment is of extreme environmental importance, as release of untreated waste can result is devastating eutrophication of the environment, especially around highly populated areas. Even in cases where treatment does not lead to successful denitrification, nitrification helps avoid environmental contamination with potentially toxic ammonia salts (134) . Waste treatment is by far the most important biotechnological application of AOB. The treatment of such wastes typically takes place in specialized reactors of various design and purpose, whose reliability and cost-effectiveness are of prime concern to industry and public health (see below).
The broad specificity of the ammonia monooxygenase complex, common to all AOB, often permits the co-oxidation of numerous recalcitrant aliphatic, aromatic, and halogenated molecules (72) . An initial oxidation step is often the rate-limiting transformation in the microbial degradation of many recalcitrant hydrocarbons, and AOB may therefore facilitate bioremediation processes. Limited evidence from pure culture studies suggests that AOB may play a role in methane oxidation (175) , thus facilitating removal of this important greenhouse gas, but results from the field have yet to show significant methane consumption by AOB (25, 27).
AOB may also play an essential role in biofilter systems, which typically contain microbial consortia that utilize influent substrates to sustain a relatively constant biomass and produce an effluent free from input contaminants. In such systems, AOB may interact closely with other consortium members to consume influent compounds such as ammonia or CO 2 , recycle nutrients, and maintain mass balance. Biofilter systems have been used for a variety of purposes to date, generally involving the elimination of odors associated with waste treatment and composting (28) but also for purposes as exotic as providing long-term filtering capacity suitable for manned spacecraft (84) .
Problems Associated with Nitrification and Ammonia-Oxidizing Bacteria
Despite being a natural process, nitrification can have a negative impact on many environments, especially those exposed to elevated levels of nitrogen deposition (141, 186) . One of the greatest problems associated with nitrification is nitrate contamination of ground-and freshwater supplies due to nitrate leaching from agricultural sites. Human and animal consumption of nitrate can lead to health risks, and government regulations strictly limit the amount of nitrate permitted in drinking water sources. Nitrate infiltration in freshwater systems may also lead to the eutrophication of such environments, stimulating the growth of some phototrophic and/or heterotrophic organisms. This can lead to decreased biodiversity and the creation of anoxic conditions, respectively.
The high productivity of modern agricultural practices is dependent upon the use of nitrogen-rich fertilizers, which are generated either chemically or via the recycling of organic wastes, typically animal excreta. Nitrogen loss from such fertilizers, either before or after application, compromises their effectiveness. Nitrification can lead to nitrogen loss from such systems via two major mechanisms: (a) increasing nitrogen leaching owing to conversion of ammonia to nitrate (see above) or (b) linking nitrification with denitrification activities (4).
Incomplete denitrification can also lead to the production of the ozone-depleting gas NO or the greenhouse gas N 2 O. AOB can also produce these deleterious gases either at low levels as by-products of normal nitrification (218) or at high levels (up to 20 mol%) (31, 60, 109, 139) via partial-denitrification processes under reducedoxygen conditions (39) . Several groups of microorganisms contribute significantly to the production of these trace gases (30), but the relative contributions of different microbial groups is not yet fully understood. Laboratory experiments suggest that the role of AOB in NO and N 2 O production is small, but this has yet to be demonstrated in situ. Thus, although methods have been proposed to distinguish between the various sources of these gases, such as denitrifiers (87) , it is unknown to what extent AOB contribute to the global production of these gases. However, it is now known that production of N 2 O under suboptimal aeration varies drastically between AOB species (83), providing further urgency to the understanding of the factors regulating population size and structure of environmental AOB.
The process of ammonia oxidation leads to a net acidification of the environment. Where ammonia deposition and nitrification levels are high, this may contribute to a lowering of the environmental pH (17). The acidification of forest soils can have a detrimental effect on tree health, and high levels of nitrification may intensify problems involving the effects of acid rain. Furthermore, N transformations that lead to an increased proton load can lead to the release of metals such as aluminum, which can contribute to root damage and forest decline. Such problems can be exacerbated by the role of nitrification in changing the relative pools of NH 4 + and NO 3 − , the most common nitrogen forms taken up by plants. Some tree species show a strong preference for the uptake of NH 4 + over NO 3 − , and thus nitrification may affect seed-dormancy breaking, germination, seedling establishment, and growth (101) . In contrast, many weed species show a preference for NO 3 − and may thrive under conditions of elevated nitrification. AOB may therefore affect vegetational succession by the relative abundance of inorganic N sources (101) .
The activity of AOB has also been implicated in the corrosion of natural stones, historical monuments, and building materials by generating elevated levels of nitrous acid (119, 167, 206) .
A shift from the use of chlorites to chloramines (quaternary ammonium compounds) in the sterilization of drinking-water storage and distribution systems has highlighted the importance of AOB in maintaining potability of purified water (13, 108, 117, 214) . Chloramines penetrate biofilms more efficiently than traditional chlorites, but chloramine degradation results in the release of free ammonia, inducing growth of AOB. Nitrite generated by this activity reacts with remaining choramine residuals, permitting rapid growth of other bacterial populations, including coliform bacteria. The concomitant nitrification and growth of coliforms result in a drastic drop in water quality, such that water must be removed and the system resterilized by further treatment, constituting a major financial burden on the water industry.
Isolation of Ammonia-Oxidizing Bacteria from the Environment
AOB are found in most aerobic environments where ammonia is available through the mineralization of organic matter or anthropogenic nitrogen sources, such as fertilizers and waste. Carbon source, CO 2 , is not thought to be limiting to ammonia oxidizer activity and growth, in most cases. AOB are ubiquitous in soils, freshwater, and marine environments and have been isolated from these and other habitats (94) (Table 1, follow the Supplemental Material link in the online version of this chapter or at http://www.annualreviews.org/). (Table updates will be available via the following internet address: http://www.nioo.knaw.nl/projects/AOB.) Although AOB are generally considered to be aerobic, they have also been isolated or enriched from low-oxygen environments such as brackish water (164) , essentially anoxic soil and sediment layers, and the subsurface portions of building materials (22). Some isolated species tend to be restricted to particular environments (18; see below).
AOB pure cultures are typically obtained by picking colonies from a solid medium (56) or by using dilution methods in liquid culture (2, 157). The selective medium used is critical and must be free of organic carbon sources and contain inhibitors of heterotrophic organisms, an ammonia source, and essential trace elements (112) . AOB are notorious for their slow growth and low maximumgrowth yield, making their isolation and maintenance in pure culture difficult and time-consuming (157) . Also, the culture media may select for particular strains that may not necessarily represent the most abundant populations present (85, 174, 192, 193) . Furthermore, as with other microorganisms, the fraction of viable cells in an environmental sample that is actually amenable to laboratory culture conditions may be quite small (10, 192) .
Culture-dependent techniques such as selective plating (56) and the most probable number (MPN) method (6) have been used for the enumeration of AOB; however, such techniques are thought to underestimate actual cell numbers. In addition to medium selectivity and bias, MPN underestimation may also stem from inadequate suspension of cells from solid substrates in the environmental sample or dispersal of flocks and microcolonies (1, 46, 196) . Cell damage due to rigorous disruption methods or osmotic shock and the possible dependence on inter-or intraspecies interactions for growth may also generate inaccuracies.
The study of pure cultures of AOB has obviously advanced our understanding of their physiology; however, the physiological properties of isolated strains often cannot explain the nitrification activities found in the environments from which they were recovered. Two main possibilities can be invoked to explain this dichotomy. (a) Laboratory conditions used for physiological experiments are not representative of the in situ environmental conditions. In order to have the activities observed in the environment, AOB may require other organisms for protection, substrate provisions, or intra-or interspecific signal molecules, or may require particular physical properties of the environment (i.e., adhesion, microsites). (b) The organisms typically isolated in pure culture are not representative of the dominant physiological types of AOB in those environments. Clearly, sole reliance on pure culture studies of AOB is insufficient to describe their numbers, diversity, and activities.
DIVERSITY AND DISTRIBUTION OF AMMONIA-OXIDIZING BACTERIA BASED UPON 16S rDNA ANALYSES
Phylogeny of Culture Collection
Traditionally, all obligate chemolithotrophic nitrifying bacteria have been grouped into the gram-negative family Nitrobacteraceae (207) . However, 16S rRNA gene analysis has clearly demonstrated multiple lines of descent for both autotrophic ammonia-and nitrite-oxidizing bacteria. Currently we know of three distinct groupings of autotrophic AOBs, namely, obligate aerobes as monophyletic groups within the β-and γ -subclasses of the Proteobacteria and anaerobes within the Planctomycetales (66, 156, 178, 181) . To date, such analyses also demonstrate that all aerobic AOB strains isolated from nonmarine ecosystems fall within a monophyletic group in the β-subclass of the Proteobacteria (Figure 2 ), the focus of this review. This phylogenetic radiation comprises two genus-level divisions, for which the names Nitrosospira and Nitrosomonas take precedent (Nitrosococcus mobilis falls within the Nitrosomonas radiation. It has not as of yet been formally renamed and should not be confused with Nitrosococcus oceani, a marine AOB within the γ -proteobacteria).
It is the monophyletic nature of the β-subclass ammonia oxidizers that has facilitated the use of molecular biological techniques in the study of their ecology. As all currently identified organisms within the Nitrosomonas-Nitrosospira radiation share the common phenotype of being chemolithotrophic ammonia oxidizers, it can be inferred that any 16S rDNA sequence recovered from an environmental sample that falls within that radiation was originally carried by an organism that also shared that physiology. Furthermore, this observation has led to the development of molecular probes and polymerase chain reaction (PCR) techniques specifically targeting the 16S rRNA and rDNA of β-subclass proteobacterium ammonia oxidizers in environmental samples independent of culture analyses. Funding to exploit this potential has been made available due to the ecological and industrial importance of the β-subclass proteobacteria AOBs and the inadequacy of available culturing methods to monitor them in an economic and timely fashion.
Development of Phylogenetically Based Primers and Probes
Ideally, PCR primers designed to target the Nitrosomonas-Nitrosospira radiation should fulfill three criteria: (a) A sufficient portion of the 16S rDNA gene should be recovered to allow robust phylogenetic analysis of recovered sequences. (b) They should target all members of the clade. (c) They should not amplify 16S rDNA from organisms outside this clade. Although the first criterion is easily accommodated, neither of the latter can be satisfactorily fulfilled by laboratory and in silico analysis of pure cultures. It is not known a priori how well cultured strains represent the target clade, nor do we know how well the closest cultured nontarget relatives of the clade represent the closest nontarget organisms. Thus, as with all molecular detection strategies, primer design and testing depends upon the breadth and representation of extant sequence information. Several research groups have developed oligonucleotide primers and probes with various levels of specificity within the Nitrosomonas-Nitrosospira radiation. Although such approaches have led to many new insights, as outlined below, primer and probe development remains an ongoing process as novel sequence information recovered from newly isolated strains and environmental clones continually demands the refinement of 16S-dependent detection strategies (183) .
The first report of evidence for novel β-subclass AOB based on 16S rDNA sequence data was provided by McCaig et al (114) . In this study, PCR primers were designed with the aim of recovering a large portion (1.1 kb) of the 16S rRNA gene from all β-subclass ammonia oxidizers present in a sample. In order to achieve this aim, the primers were designed with a sufficient lack of specificity to permit amplification of not only the target organisms but also their closest relatives outside the ammonia-oxidizing radiation, such that novel bona fide members of the ammonia-oxidizing clade were unlikely to be missed. This proved highly effective in the recovery of ammonia oxidizer-like 16S rDNA from mixed cultures of marine bacteria after selective enrichment and demonstrated the existence of novel lines of descent within the genus Nitrosomonas. When applied to DNA extracted from agricultural soils of varying pH and marine sediments, novel lineages within the genera Nitrosomonas and Nitrosospira were discovered (174) . While the relaxed specificity of these primers was advantageous in the generation of novel sequence data, clone libraries generated from these soils also contained a high proportion of sequences (up to 70%) that fell outside the target clade, a serious encumbrance to progress. This factor proved to be even more serious in analysis of some marine communities where none of the sequences screened from some libraries fell within the ammonia oxidizer radiation (137) . This has also been the case in studying sewage sludge (G.A. Kowlachuk, J.R. Stephen, unpublished observations). Similarly, it is possible to screen environmental clones generated with eubacteria-specific primers for the presence of nitrifier-like 16S rDNA sequences (85) . However, this is only feasible in environments where nitrifiers represent a significant proportion of the entire bacterial community. Where this is not the case, domain-level PCR and cloning approaches generally provide little information specific to AOB because of the relative dominance of other bacterial groups (29, 115; for exceptions see 38, 152) .
Parallel work has sought to target the sister genera Nitrosomonas and Nitrosospira together or separately, again using PCR primers based on sequence data from cultured organisms (67, 191, 203) . Use of these primers in direct and nested PCR strategies has detected trends in the distribution of ammonia oxidizer populations in the environment (see below). Confirmation of product integrity has not generally involved sequence analysis of amplified products. In some cases, probing of PCR products at AOB-specific internal binding sites has helped confirm the AOB origin of the recovered products (64, 65) . In such studies, the strength of the hybridization signal observed should correspond to the amount of PCR product recovered, thus suggesting that all recovered products originated from the desired target group. Such approaches have not generally focused on the recovery of novel sequences but rather have been informative in a diagnostic capacity, providing yes or no answers to the presence of specific ammonia oxidizer lineages. Critical to this diagnostic approach is establishing the sensitivity of the assay, which can depend on a number of factors including environmental contaminants, target to nontarget ratio, and type of PCR strategy used (96 and references cited therein). Table 1 for details of β-subgroup AOBs.
During the recovery of sequence information from ammonia oxidizer-like environmental clones, it soon became apparent that clone sequences tended to form distinct groupings. In the first large-scale sequence analysis of AOB 16S rDNA clones, Stephen et al (174) combined the sequences from 111 cloned gene fragments derived from soil and coastal marine sediments with available sequence information from culture strains (Figure 2 ). This initial characterization has endured relatively well as database entries have accrued, although the current Ribosomal Database Project classification recognizes four lineages within the genus Nitrosomonas (113) and does not subdivide the genus Nitrosospira. Any such classification system must be open to change as novel data accrues. For instance, subsequent studies have shown the groupings proposed by Stephen et al (174) to be valuable in describing the distribution of different Nitrosospira populations (95, (97) (98) (99) 173) . However, the group defined as cluster 6 within the Nitrosomonas genus is insufficiently robust to provide a convenient framework for the classification of cloned Nitrosomonas-like 16S sequences. Most environmental Nitrosomonas-like 16S clones fall within this group, and its subdivision has become essential if this scheme is to remain useful (42, 80, 138, 141b, 165) . This has been largely achieved by the work of Purkhold et al (141b), who divided the genus Nitrosomonas into four clusters and also proposed the addition of a fifth subdivision in the genus Nitrosospira. This recent paper is essential reading for those involved in the characterization of ammonia-oxidizing communities.
A further benefit from this cataloging approach was the opportunity to include environmental clone sequence data in the design of more specific PCR primers. This was accomplished by Kowalchuk et al (97) , who combined the enhanced specificity of a new primer set (coined the CTO primers) with denaturing gradient gel electrophoresis (DGGE) (124) . This provided a robust method for the rapid and simultaneous comparison of multiple samples. However, the enhanced specificity and the technical requirements of DGGE demand a compromise on the length of sequence that is recoverable. The resulting decrease in the phylogenetic stability of recovered sequences can be counteracted by the application of phylogenetically informative oligonucleotide probes to the interpretation of DGGE patterns (173) . Although this primer set is also prone to the recovery of some non-AOB-like sequences, the interpretation of DGGE results at the sequence or hybridization level still allows valid analysis of detected ammonia oxidizer-like populations (95) . These developments have led directly to new understandings of the associations between the 16S rDNA sequence clusters and numerous environments and environmental parameters (12, 34, 80, 95, 98, 99, 105, 116, 135a, 137, 166, 173) . These findings are summarized in Table 2 (see the Supplemental Material link in the online version of this chapter or at http://www.annualreviews.org/). (Table updates will be available via the following internet address: http://www.nioo.knaw.nl/projects/AOB.)
Reverse array hybridization strategies typically use directly extracted nucleic acids as a "probe" against a battery of oligonucleotides designed for the specific detection of various taxonomic units (190, 192, 193) . Although such strategies are unable to reveal novel diversity outside the oligonucleotide binding sites, they do avoid potential biases of PCR-based techniques, thus providing quantitatively robust data. A number of probes specific for various lineages within the β-subclass ammonia oxidizers have been developed for this purpose (74, 122) . When using a hierarchical approach, it is possible to not only detect populations that match the specific oligonucleotide sequences used but also to test the coverage of probes for the higher-level taxa being examined. Ideally, the summed hybridization signals of all known lineages within a particular parent taxon should add up to the total signal for the parent taxon. Frequently, this does not seem to be the case, providing evidence for the existence of phylogenetic lineages that are not covered by currently available probes (190, 192, 193) . Recovery of sequence information from such phylogenetic gaps can lead to probe refinement, as has been the case for probes targeting AOB (122) . In cases where AOB do not represent a large proportion of the total microbial community, it has been necessary to introduce PCR amplification steps into hybridization strategies (35) . Although addition of PCR step(s) prior to hybridization can increase the sensitivity of slot-blot hybridization assays, this also compromises the ability to obtain quantitative results.
Some of the oligonucleotide sequences used for reverse hybridization assays have sufficient specificity for use as probes for in situ hybridization analyses. Wagner et al (195) presented the first use of in situ hybridization for the visualization of specific ammonia oxidizer populations in sewage treatment plants. As our knowledge of oligonucleotide probes for specific ammonia oxidizer lineages has grown, so too has the usefulness of such in situ hybridization strategies, which have now been implemented in a number of recent studies (e.g., 85, 130, 160, 161). These techniques not only allow for the detection of ammonia oxidizer cells but also provide information about the structural arrangement of bacterial populations, thus providing insight into microbial interactions. Also, in situ hybridization provides a means of enumerating cells of a particular phylogenetic lineage with respect to other populations. Although the complex 3-D structure of particulate matter and microbial aggregates may hamper such efforts, technological improvements such as the use of confocal laser-scanning microscopy are helping to circumvent some of these problems (19). To date, the application of in situ hybridization techniques to AOB has been most effective where AOB represent a large proportion of the total bacterial community and activity (e.g., sewage treatment plants). However, improvements in sampling and hybridization techniques may make such techniques available to the study of AOB in other environments.
The Characterization of Ammonia-Oxidizing Bacteria in the Environment Based upon 16S Analyses: What Have We Learned So Far?
SEWAGE, BIOREACTORS, BIOFILMS, AND BIOFILTERS
The environments for which the ammonia-oxidizing communities have best been characterized are those internal to bioreactors and other systems used for the treatment of nitrogen-rich waste. Reasons for this high level of knowledge are the relatively high cell counts and activities of AOB in such environments and the financial and social importance of ammonia oxidation as the first step in nitrogen removal from such systems. In contrast to many other environments, the relatively low C-N ratios present in biological waste-treatment situations provide an environment in which AOB can thrive with respect to many heterotrophic organisms. The presence of nitrifying bacteria as dominant populations in such systems has made approaches using direct rRNA hybridization and in situ hybridization particularly informative. Such approaches are particularly robust when combined with cloning and pure culture isolation techniques in a so-called full-cycle approach (10, 58a, 85), which makes use of sequence information derived from environmental clones or pure cultures to design specific oligonucleotides, which are in turn used to detect cells corresponding to these targets in situ.
The number of recent studies using molecular techniques in sewage treatment systems is considerable, and this subject certainly warrants a separate, detailed review. However, some important findings should be mentioned. In situ hybridization, using probes for specific AOB and NOB lineages, has been used in a number of studies to demonstrate the close proximity of AOB and NOB in microcolonies or cell aggregates (85, 130, (159) (160) (161) 196) , suggesting a syntrophic association. In combination with microsensor technology, such studies have demonstrated the relative distribution of AOB and NOB populations with respect to microscale gradients of key factors such as oxygen, ammonia, nitrite, and nitrate (40, 41, 145) . AOB populations tend to reside in the more external regions of particles or biofilms, where oxygen levels are typically high. NOB cells typically reside internal and adjacent to AOB aggregates, where lower oxygen conditions are detected. NOB aggregates tend to be more diffuse, which may be indicative of oxygen limitation (102, 161) . AOB populations, and in some cases NOB populations, may also reside within deeper, anoxic biofilm layers. Because microsensor measurements suggest that nitrification is mainly limited to the outer 100-150 µm of aggregates (159) , the contribution of such cells to total nitrification activities is thought to be low.
Nitrosomonas europaea strains are most frequently recovered in pure culture when using high-nitrogen-culturing conditions (141) , and it has therefore been assumed that nitrosomonads are the key AOB in high-nitrogen waste treatment systems. Indeed, a number of studies have shown the dominance of bacteria of the N. europaea lineage among the AOB in some wastewater treatment systems (130, 161, 195) . However, Nitrosomonas marina-like and Nitrosospira-like populations are the dominant AOB populations in other systems (85, 160) . Furthermore, multiple AOB populations, either within one genus or across genera, have been detected in some systems, and shifts in the relative proportion of AOB populations have been observed in response to system conditions (85, 130, 155) . Although spatial separations have been observed between different AOB populations within a biofilm or bioreactor, the physiological differences between different populations are unclear (179) .
The above groups a number of different systems receiving high nitrogen loads under a single heading. However, such treatment systems obviously differ in their purpose, design, influent material, method, duration of biomass retention, and numerous other factors. The close coupling of ammonia and nitrite oxidation is often desired in such systems, but these activities may be physically separated (68, 179) . Elimination of nitrogen in the form of N 2 is often a key goal, and oxicanoxic interfaces are thought to be critical for the efficient coupling of nitrification and denitification. Methods for tracking denitrifying populations and their activities (90) should help further our understanding of bioreactor ecology. Also, numerous other organisms within bioreactors contribute to the ecology and performance of the system. Analyses targeting nitrifying bacteria have now provided spectacular detail regarding the identification, numbers, activities, and interactions of different nitrifying populations in a number of different systems. However, it
is not yet clear which organisms, if any, are typical for a particular reactor design or performance. Nevertheless, the ability to characterize and quantify nitrifying populations in such controlled reactor systems is important to better predict and steer the performance of treatment processes (150, 194) .
TERRESTRIAL ENVIRONMENTS Soil habitats are highly complex and heterogeneous. Nevertheless, a number of key environmental factors are thought to affect the distribution and activities of microbial populations most profoundly. These include soil moisture content, pH, nitrogen input, vegetation, and pollution. Culturedependent techniques have suggested a dominance of Nitrosospira populations over Nitrosomonas in most terrestrial environments (111) . However, it is only with the influx of molecular approaches in recent years that we have been able to interrogate terrestrial samples for specific AO populations to better understand the influence of critical environmental factors on this key functional group.
Soil pH no doubt has a profound effect on AOB, but how AOB populations respond to changes in the pH, specifically acidification, of terrestrial environments has been an enigma. Under acidic conditions, ammonia (pK a = 9.25) occurs mostly in its protonated form, ammonium, and is therefore not suitable as a substrate for ammonia monooxygenase (180) . AOB isolated from acid soils fail to nitrify in liquid culture below pH 5.5 (8, 48, 82, 141) , nevertheless chemolithotrophic nitrification is commonly observed in acid soils (pH KCl < 4). The strain Nitrosospira sp. AHB1 adapts to low pH when cell densities are high (44, 46) , but it is not clear how ammonia oxidation can proceed under environmental conditions. A number of theories have been proposed, including the existence of acid-tolerant strains, microsites of relatively neutral pH, use of ureolytic activity as a source of ammonia, syntrophic associations with mineralizing organisms, and protection via aggregate formation (7, 43, 47, 48, 141) . The elimination of nitrite may also be essential to avoid the toxic effects of nitric acid accumulation in acid environments. Nitrifying bacterial aggregates have been observed to contain an ammonia-oxidizer "core" encircled by NOB (Figure 3; 46) .
Although the mechanisms for ammonia oxidization in acidic soils are not fully understood, molecular surveys of AOB across pH gradients have identified Nitrosospira cluster 2 as containing putatively acidophilic AOB strains (Figure 2 ). Stephen et al (174) detected a trend from domination by Nitrosospira cluster 3 in neutral pH agricultural plots toward Nitrosospira cluster 2 in acidic pH soil. Further examination of the same fields, in which PCR-DGGE was coupled with hybridization analysis of resultant profiles, revealed this shift more convincingly (173) . The dominance of Nitrosospira cluster 2 among β-subclass AOB has also been observed in acidic forest soils (105; G.A. Kowalchuk & W. De Boer, unpublished data). Some acidic forest soils contain a vertical pH gradient, where the upper-most organic layers are least acidic, and the relative proportion of Nitrosospira cluster 2 has been observed to increase with soil depth for some such soils (G.A. Kowalchuk & W. De Boer, unpublished data). A similar shift was observed in calcium-poor coastal dunes (97) , where pH decreases with respect to distance from the beach. An increased proportion of Nitrosospira cluster 2 was also detected in successional acidic stream valley grasslands, which decrease in pH with respect to time since adoption of "set-aside" land use (99) . These results are consistent with observations from culture and activity experiments. The 16S rDNA sequence of the acid soil isolate Nitrosospira sp. AHB1 (153) places it within Nitrosospira cluster 2. The increase in Nitrosospira cluster 2 detection in more acidic stream valley grassland soils also corresponds with a shift in the optimum pH of nitrification, as determined in soil suspensions (177) 
Major efforts have been taken in the past decades to counteract the negative environmental effects of eutrophication and pollution. In attempts to reverse the decrease in floral diversity resulting from the use of nitrogen-rich fertilizers, many intensely used fields have been taken out of production in the past half century for conversion to more natural species-rich grasslands by using strategies of impoverishment management. The secondary plant succession that occurs during impoverishment management is accompanied by decreases in nitrification, culturable nitrifier numbers, and net N mineralization (131, 177) . Although the availability of ammonia is known to affect ammonia-oxidizer pure cultures differently (171) , it is only recently that molecular data have suggested that particular AOB populations may be selected under high-versus low-ammonia conditions in soil habitats.
Nitrosospira cluster 3 has been detected as the dominant ammonia-oxidizer group in a number of neutral pH arable fields receiving fertilizers (34, 98, 99, 120, 173, 174) . In three separate grassland systems, dominant Nitrosospira cluster 3 populations have been replaced by Nitrosospira cluster 4 in response to prolonged periods without fertilizer use (34, 98, 99) . The observed shifts coincided with increased plant diversity and decreased mineralization levels. It has been hypothesized that reduced ammonia supply, due to retardation of mineralization, may select for Nitrosospira cluster 4 populations in fields that have not received fertilizers for a long time. In such soils, AOB must compete with heterotrophic bacteria and plant roots for available ammonia (213) . It is not known if Nitrosospira-cluster-4 isolates display the physiological properties necessary to win this competition.
In studies of Italian agricultural plots, Hastings et al (64) and Ceccherini et al (35) detected both Nitrosospira-and Nitrosomonas-like sequences in plots fertilized with swine manure yet only detected Nitrosospira-like sequences in nonfertilized plots. Although the nucleotide sequences of recovered DNA fragments were not determined, these results seem to support the more traditional idea that high-ammonia conditions stimulate nitrosomonad populations (18).
Most AOB in soils are thought to be associated with soil particles, to display a very low turnover rate, and to have the ability to survive extended periods of dormancy (18). Aakra et al (1) separated AOB by their level of attachment to soil using dispersal-density-gradient centrifugation. PCR and sequence analysis of AOB populations recovered from soil suggested that distinct Nitrosospira-like populations were differentially stimulated by the addition of urea or water, which affected adherence to soil particles.
AOB populations in terrestrial environments may also be inhibited by secondary plant metabolites such as tannins, polyphenolics, and monoterpenes (146) (147) (148) (149) 201) . Plants typical of later successional stages of seminatural grasslands have been hypothesized to inhibit nitrification via the production of such allelochemicals (148) . Although strong evidence for such an inhibition is still lacking (176) , it remains difficult to separate possible effects of vegetation from ammonia availability issues. Plant species composition may also affect AOB populations indirectly by differentially affecting mineralization patterns, i.e., via production of variable litter quality and quantity.
The effects of pollution on AOB have received increased attention in recent years. Ivanova et al (80) surveyed the size, activity, and population structure of AOB in groundwater affected by the plume of a uranium-milling dump site containing U metal in solution, sulfate, and high levels of ammonia. Although molecular analyses did help establish a link between nitrate levels and AOB numbers, no effects could be detected with respect to changes in AOB populations present. Nitrosomonas-like sequences were most commonly recovered, and the authors suggested that groundwater may represent a habitat more similar to freshwater and freshwater sediment (see below) than to soil. In a study examining the role of copper contamination, Smit et al (163) detected no copper-related changes in the AOB community composition via amplified ribosomal DNA restriction analysis (ARDRA) of PCR-amplified 16S rDNA fragments. Deni & Penninckx (51) observed a decrease in the number of AOB and NOB that could be detected by PCR in response to hydrocarbon treatment. Changes were observed within the nitrifying populations with respect to hydrocarbon inhibition, but AOB were not further characterized.
AQUATIC ENVIRONMENTS A variety of different freshwater habitats have been surveyed for the presence of AOB populations using molecular techniques. At present, it is difficult to compare results obtained across different freshwater samples because of differences in the techniques employed by different investigators. A number of studies suggested that Nitrosospira-like organisms dominate among AOB populations in freshwater environments. Hiorns et al (67) first used primer sets designed for specific amplification of Nitrosospira and Nitrosomonas 16S rDNA to detect these genera in lake water and sediment. These authors could only detect the presence of Nitrosospira DNA in all samples; Nitrosomonas appeared to be relatively rare. Hastings et al (65) detected only Nitrosospira-like 16S rDNA fragments in a seasonal study of a eutrophic lake using the same PCR and probing strategies. Whitby et al (210) also detected Nitrosospira in a freshwater lake system. Nitrosomonas-like populations were also observed with a shift from N. europaealike bacteria in coastal sediments to N. eutropha-like bacteria in deeper sediment.
Hovanec & DeLong (74) failed to detect N. europaea-like 16S rRNA in freshwater aquaria, even in filters showing high levels of nitrification. These authors suggested that this negative result might indicate that Nitrosospira-like populations dominate among AOB in these freshwater filters. These authors also failed to detect NOB related to the genus Nitrobacter and subsequently demonstrated that Nitrospira-like bacteria dominate among the NOB in such filters (75) . In contrast to the studies summarized above, Speksnijder et al (166) 166, 183) . Thus, it remains difficult to determine if such differences were due to actual differences in the AOB populations inhabiting the different lake systems examined or to differences in the methodologies used. [An up-to-date critique of probe and primer sets is given in (141b).]
Kowalchuk et al (95) detected Nitrosospira clusters 3 and 4 in freshwater sediments associated with the aerenchymatous plant Glyceria maxima. No differences were detected in the distribution of these sequence clusters between rhizosphereassociated sediments that are exposed to oxygen from the plant and bulk sediments where low oxygen conditions prevail. A survey of other more-or less-oxygenated soils also did not reveal any trends with respect to oxygen, even though AOB populations in these samples did show differences in their affinity for oxygen and recovery after exposure to anoxic conditions (26, 95). Interestingly, AOB of the same shallow lakes were dominated by Nitrosomonas-like sequences in the water column and top layers of the sediment (166) . Apparently, the water-influenced sediment and the plant-influenced sediment represent different niches that are inhabited by different AOB populations. As in other environments, anoxic/oxic interfaces are important in coupling nitrification and denitrification activities (24), and N-removal in wastewater treatment efforts relies on this coupling. Rhizoremediation exploits the anoxic/oxic interface of plant roots to stimulate nitrogen removal, and a dominance of Nitrosospira-like 16S rDNA sequences has been observed in such a system (5).
MARINE ENVIRONMENTS
The majority of inorganic nitrogen in marine environment is in the form of nitrate, presumably generated by nitrification. It has long been held that autotrophic nitrification in marine environments is primarily carried out by members of the γ -proteobacteria related to Nitrosococcus oceani (199, 207) owing to their recovery as pure cultures. However, molecular analysis of marine enrichment cultures casts doubt on this belief because β-subclass AOB 16S rDNA sequences were recovered from all nitrifying-enrichment cultures tested by McCaig et al (114) . This finding was strengthened when, in contrast to their results for freshwater aquaria, Hovanec & DeLong (74) found that Nitrosomonas europaea-like bacteria were responsible for 20% of the total 16S rRNA extracted from filters of saltwater aquaria. Direct evidence that marine nitrification might be largely dependent on β-subclass AOB was only provided recently by Nold et al (127) , who demonstrated that β-subclass AOB outnumbered γ -subclass AOBs in Pacific Northwest sediments.
The β-subclass AOB populations of marine and freshwater environments appear to be largely distinct from each other, although Nitrosomonas-like sequences belonging to cluster 7 have been detected in both soil and marine environments (64, 80, 137, 210) . Cluster 1 Nitrosospira and cluster 5 Nitrosomonas appear to be limited to marine environments (12, 116, 137, 174) . Interestingly, neither cluster was detected by molecular analysis of a hypersaline inland lake (202) where Nitrosomonas cluster 7 appeared to be dominant, suggesting that some factor other than salinity might affect species boundaries. Members of Nitrosomonas cluster 6 have also been recovered from marine environments (114, 116, 174) , but whether these are distinct from the cluster 6 organisms detected in soil, soil water, and freshwater remains to be determined. No pure cultures of Nitrosospira cluster 1 or Nitrosomonas cluster 5 have been generated as yet, and it would seem that this might be a priority in studying marine nitrification. Indeed, Nitrosospira cluster 1 may be the dominant type of β-subclass AOB in the Arctic ocean (12), and their distribution is clearly global (12, 116, 127, 137, 174) . Some factors determining the relative abundances of the different marine β-subclass AOB clusters have been suggested. Nitrosomonas cluster 5 appeared to be enriched over clusters 1 and 6 by fish-farm pollutants (116) , and Nitrosomonas cluster 7 enriched over Nitrosospira cluster 1 in particle-associated, as opposed to free-living populations (137) . Bano & Hollibaugh (12) have observed that Nitrosospira cluster 1 sequences dominate the β-AOB population of Arctic oceanic waters, whereas a large proportion of Nitrosomonas cluster 5 sequences appear in waters influenced by Pacific waters. De Bie et al (42) have witnessed a transition from Nitrosomonas cluster 6 sequences, typical of freshwater, in the upper reaches of the eutrophic Schelde estuary to the marine-associated Nitrosomonas cluster 5 in more seaward regions, coincident with the major environmental gradients of the estuary. Nitrosospira clusters 2, 3, and 4 sequences have not yet been recovered from marine environments, and while it is tempting to speculate from these results that bona fide marine and terrestrial β-subclass AOB exist, further work will be required before firm conclusions can be drawn.
COMPOST The use of nitrogen-rich biofertilizers such as compost represent an important alternative to the use of chemical fertilizers. Ammonia is the most important nitrogenous compound available in composting materials (79) . No thermophilic AOB are known, and autotrophic ammonia oxidation presumably is negligible at the high temperatures typical of most composting processes. In contrast, thermophilic heterotrophs may play a role in ammonia oxidation during hightemperature composting phases (135) . Autotrophic ammonia oxidation may, however, be important before and after composting, possibly affecting the overall nitrogen balance in compost products. A number of AOB populations have been detected in various types of composting materials including commercial biofertilizer products (96) . Some detected populations did not appear to be highly active, as judged by RT-PCR of 16S rRNA. Specific composting regimes consistently contained the same AOB populations, but no correlations were found between the physical composition of the composting materials and the AOB populations detected. Some AOB populations may be able to survive high-temperature composting steps or passage through the intestinal tracts of domesticated animals, and both Nitrosospira-and Nitrosomonas-like 16S rDNA have been detected in swine manure (35) . Thus, compost not only may be subject to nitrogen transformations initiated by AOB, but it may also serve to inoculate soils with compost-borne AOB.
OTHER ENVIRONMENTS FOR AMMONIA-OXIDIZING BACTERIA Culture-dependent methods have been used to demonstrate the presence of AOB in a number of building materials where their contribution to nitrous acid may lead to corrosion (22, 119, 206) . However, molecular analyses of AOB inhabiting such environments are still lacking. Rölleke et al (152) examined potentially corrosive microbial communities on ornamental glass and detected a Nitrosospira-like sequence as a faint DGGE band in several samples (Table 2) . That this population was detected using eubacterial primers suggested it represented one of the dominant bacterial populations present.
USE OF NON-16S PCR TECHNIQUES FOR STRAIN IDENTIFICATION The amoA Gene as a Marker for Ammonia-Oxidizing Bacteria
The majority of molecular studies of AOB in the environment have targeted 16S rDNA or rRNA of β-subclass. In addition to the danger of focusing on a single molecular marker, these studies assume that members of the γ -subclass are absent or insignificant. This assumption is based on the fact that γ -subclass ammonia oxidizers have been detected as isolates only from marine environments. Thus, this assumption is clearly flawed in studies of marine and estuarine environments and more subtly flawed in the study of terrestrial systems. The basic justification for favoring molecular tools over traditional culture-based methods stems from the observation that the majority of environmental microorganisms do not grow to pure colonies on standard laboratory media. In other words, the fact that no γ -subclass AOB have been isolated from terrestrial environments is, in fact, very poor evidence for their unimportance. Nonculturable γ -subclass AOB might be expected in saline terrestrial environments (85, 202) , for instance, and indeed, molecular analyses have now shown that γ -subclass AOBs can be important in nonmarine systems (155) .
The potential to exploit a second molecular marker, the α-subunit of ammonia monooxygenase, was provided by the first publication of an amoA gene sequence from N. europaea (118) derived following purification of the AmoA protein (77) . The available database of amoA gene sequences from cultured β-AOBs has expanded rapidly since then (Tables 1 and 3 ). This marker has some interesting potential advantages over the use of rRNA markers. First, amoA genes from β-and γ -AOBs can be amplified simultaneously (69, 120, 127, 162) . Second, the amoA gene shares an evolutionary ancestor with the gene encoding the α-subunit of particulate methane monooxygenase ( pmoA) (69, 127) . Sufficient sequence homology remains to allow both amoA and pmoA genes to be targeted simultaneously, allowing an assessment of the relative abundances of autotrophic ammonia and methane oxidizing bacteria in situ. The amoA genes of β-subgroup ammonia oxidizers can also be targeted specifically using primers that do not detect γ -proteobacterial amoA or pmoA when only β-subclass ammonia oxidizers are under study (154, 172) . Furthermore, amoA contains a greater level of sequence variation than 16S rDNA, providing greater resolution of closely related strains. Findings from this approach are summarized in Table 3 (see the Supplemental Material link in the online version of this chapter or at http://www.annualreviews.org/). (Table updates will be available via the following internet address: http://www.nioo.knaw.nl/projects/AOB.)
Recovery of amoA-Like Sequences and Comparison with 16S-Based Results
The phylogenetic trees predicted by 16S rDNA and amoA sequences from culture strains display a high level of congruence (69, 141b) . A complete comparison of 16S and amoA-based phylogenies from cultured strains is not yet available. Both 16S and amoA sequences are available for a number of Nitrosospira strains, and Purkhold et al (141b) have recently provided a near-complete view of these for the genus Nitrosomonas (see Table 1 at http://www.annualreviews.org/ or http://www.nioo.knaw.nl/projects/AOB). The reader is referred to (141b) for a detailed description of the available data. Although these trees are quite congruent for both genes, they do suggest important differences in the placement of strains closely related to Nitrosomonas marina. Such comparisons are only valid for sequence pairs known to have originated from the same organism, something that is not possible when using PCR methods to recover sequences from nucleic acids directly extracted from the environment. Nevertheless, combining the use of amoA-directed primers with 16S rDNA analyses allows direct comparison of the β-AOB populations detected by these two markers. Generally, good agreement is found between the environmental β-AOB populations described by both amoA and 16S analyses, particularly in the division between the genera Nitrosomonas and Nitrosospira (33, 73, 80, 120) . Although finer-level comparisons can be problematic, evidence exists that phylogenetic congruence may also be present below the genus level. All AOB populations detected by Laverman et al (105) in acidic forest soils were closely related to the culture strain Nitrosospira sp. AHB1, both for 16S rDNA and amoA. Similarly, Speksnijder et al (166; A.G.C.L. Speksnijder, G.A. Kowalchuk, S. De Jong, H.J. Laanbroek, unpublished data) detected a dominant Nitrosomonas-like cluster in a number of freshwater habitats, with phylogenetic affinity to Nitrosomonas ureae predicted by both markers. The phylogenetic placement of amoA sequences from enrichment cultures derived from the highest positive dilutions in MPN counts and containing a single AOB 16S rDNA sequence type also supports the finer-level congruence between the trees predicted by these two markers (A.G.C.L. Speksnijder, G.A. Kowalchuk, unpublished data). Although there has been some speculation about lateral gene transfer of amoA genes between ribotypes (85, 162) , whether it will prove to be a source of discrepancy between 16S rDNA-and amoA-predicted phylogenies is unknown. Other important findings derived from amoA/pmoA-directed PCR strategies include evidence suggesting that β-subclass AOB may outnumber γ -subclass AOB in some marine environments (127) and the observation that no γ -subclass AOB have been detected in soil or sewage sludge as of yet (85, 120) .
Use of Other Markers Within the rRNA Operon
The ribosomal internal transcribed spacer regions (ITS) can be highly useful in the comparison of closely related organisms. Although this region may contain short stretches of coding sequence, typically for tRNAs, much of the sequence has no coding function, allowing for the rapid accumulation of sequence differences. Highly conserved primers located with the large and small subunit rRNA genes can be used to amplify the region spanning these variable regions. Aakra et al (2) applied such a strategy to the characterization of several closely related Nitrosospira strains and compared ITS results with those obtained by 16S rDNA sequencing. Although both markers predicted comparable phylogenetic relationships between the strains, the ITS-based analysis offered a higher resolution. Interestingly, Nitrosomonas strains appeared to have much shorter ITS regions, and it would be interesting to see if this characteristic may serve as a diagnostic feature for genus distinction. Although, this marker may be highly useful, it has yet to be combined with the use of primers designed to target AOB in complex environments.
The 28S rRNA gene (large subunit, LSU) potentially contains more phylogenetic information than does the 16S rRNA gene (103) . However, fewer AOB sequences are available for this gene, and no molecular strategies for AOB detection have been based on this marker. Nevertheless, as sequencing efforts continue, new possibilities to exploit this gene for AOB-targeted molecular approaches may become available.
TRACKING AMMONIA-OXIDIZING BACTERIA POPULATIONS
Development of Quantitative Techniques Targeting amoA and 16S rDNA
Molecular characterizations of microbial communities are of limited value if the results cannot be correlated with the number of targets in the environment. PCR protocols designed for the detection of specific genes or bacterial groups are readily adapted to hold a quantitative aspect. In its simplest form, such adaptation involves spiking DNA extracted from an environmental sample with a carefully quantified internal standard containing the same PCR primer target sites as the gene of interest and modification (typically a small deletion) of the sequence between the priming sites. This approach is fraught with difficulty if the aim is to place accurate counts of cell numbers in a given sample. Cell lysis efficiency, DNA recovery, damage of native target DNA, free DNA in the sample from dead AOB, variable copies of the target per genome, the relative efficiency of amplification of the internal standard and target DNA, and primer specificity are all factors hard to quantify. However, there are also many instances in which resistance of the target organisms to culture, or a lack of a priori knowledge of the AOB species composition, may invalidate MPN analysis; low absolute numbers or high background fluorescence may render fluorescence in situ hybridization (FISH) impractical. Both amoA and 16S rDNA have become targets of quantitative PCR (Q-PCR) using the internal standard approach (competitive PCR, C-PCR) for quantification of β-subclass AOB in environmental samples (120, 136, 172) . The targeting of 16S rDNA has one advantage over amoA, in that all known β-subclass AOB are thought to carry only a single 16S rRNA gene per genome, whereas amoA copy number may vary (usually either 2 or 3). However, none of the 16S rDNA primer sets designed to be specific to the entire β-subclass AOB radiation are 100% specific in all samples (85, 95, 98, 120) . Therefore, use of 16S rDNA as a target for C-PCR demands that the PCR products generated from a given sample lack sequences derived from coamplifiable non-AOB source organisms. Some of the primer pairs targeting amoA are totally specific and apparently more sensitive than those targeting 16S rDNA (96, 120) . However, given our more limited knowledge of the full diversity of amoA genes, it is difficult to predict the coverage of amoA-directed C-PCR strategies. Few studies have compared β-subclass AOB enumeration using both MPN and C-PCR, but in grassland soils and compost, the calculated number of amoA targets from the competitive PCR assay was 1.5-2 orders of magnitude higher than that observed with MPN (96, 98, 99) . Such methods are extremely useful in laboratory studies in which defined AOB populations are monitored over the course of controlled microcosm environments, but they are clearly more open to criticism in the comparison of AOB population sizes between different environmental sample types. The application of methods combining C-PCR, particularly real-time 5 nuclease assays, with community profiling techniques may also increase quantitative capacity of PCR-based community analyses for AOB (16, 20, 32, 54, 66a, 180b) . As an alternative to C-PCR, template DNA from a sample can be diluted to extinction, as judged by a negative PCR result, to estimate target numbers. Such MPN-PCR methods have been applied to estimate both AOB and NOB numbers (50, 51) .
Comparison of Enrichments with Direct Extraction Results
Culture-dependent techniques are biased in favor of those organisms that are most amenable to the culture conditions used, and molecular methods provide the ability to track AOB during the course of selective enrichment. Molecular analyses have now demonstrated that culture methods often misrepresent the AOB populations dominant within a sample (e.g., 64, 67, 85, 114, 116) . Even in cases where all detectable AOB populations appear to be cultureable, the relative recovery of particular AOB populations may be skewed when comparing culture-based and direct molecular techniques (98, 99, 163a) . These results are consistent with the common isolation of Nitrosospira cluster 3 and Nitrosomonas cluster 7 cultures from various environments, even where they are not suspected to be the most dominant AOB present (18, 141) . Furthermore, the relative recovery of different AOB populations in different culture media can provide clues into their physiology. Kowalchuk et al (99) detected a higher proportion of Nitrosospira cluster 2 in enrichment cultures from acidic grassland soils when using an acid pH medium, as compared to findings with a pH neutral medium. Similarly, low-ammonia medium (0.3 mM) yielded a higher proportion of Nitrosospira cluster 4 in enrichments from successional chalk grassland soil than did high-ammonia medium (5 mM), suggesting an adaptation to low-ammonia conditions (98) .
Following the Course of Ammonia-Oxidizing Bacteria in Laboratory Experiments
Although the distribution of AOB populations across environmental gradients has provided important insights into the selective forces affecting AOB, controlled experimental manipulation of environmental conditions is necessary to determine conclusively which factors drive AOB community structure. Community analysis techniques such as DGGE or RFLP are ideal tools for monitoring the response of target AOB populations in such experiments (68, 73, 97) . Molecular approaches have now been used to examine induced population shifts among AOB in a number of experimental settings, including experimental reactors (68, 129, 140) , biofilms (130, 155) , soil microcosms (51, 172) , and chemostats (A. Bollmann & H.J. Laanbroek, unpublished data). Substrate concentration, salinity, C/N ratio, exposure to various pollutants, and oxygen tension have been some of the key factors examined to date, and such approaches should continue to provide insight into the forces selecting for and against specific AOB populations.
FUTURE PERSPECTIVES Future Advances in Molecular Techniques for β-Subclass
Ammonia-Oxidizing Bacteria
CONTINUED PRIMER AND PROBE DEVELOPMENT AND IMPROVEMENTS OF EXISTING
TECHNOLOGIES As we continue to discover the extent of AOB diversity, PCR and probing strategies will have to be adjusted to account for new information. The usefulness of various primers and probes for lineages within the β-subclass AOB has recently been evaluated by Utåker & Nes (183) and Purkhold et al (141b) , and primer/probe design should be seen as an ongoing effort. It is important that we continue to remain open to the possibility that populations that are not recognized by currently available primers and probes may be important in some environments. Recent results demonstrate that unexpected lineages play important roles in environments in which more well-known species were thought to dominate (85, 160) . Molecular surveys of AOB have thus far been limited to a rather narrow range of environments and locations. As more environments are surveyed in terms of the AOB populations present, we will have a more complete picture of the global diversity of these organisms.
Although molecular techniques have changed our perceptions of ammoniaoxidizer ecology, this does not diminish the need for continued efforts and new techniques in the culturing of AOB (3). Molecular-and culture-based techniques can be highly complimentary in several ways: (a) Pure cultures are the best resource for sequence information that may help in the comparison of phylogenetic trees based upon 16S rDNA sequences and protein-encoding markers such as amoA. (b) Molecular surveys provide useful information on the locations and conditions most useful for the isolation of novel isolates. (c) Molecular strategies provide the best opportunities to follow ammonia-oxidizer populations and activities in experimental analyses.
One of the major problems with studying AOB in many environments is that they represent only a small fraction of the total bacteria present. This has been overcome by the use of PCR employing specific primer systems, but such analyses always rely on previous sequence information and may miss target populations that do not match the primer set. New methods to subtract dominant bacterial populations from PCR mixtures (189) may help in the recovery of additional novel diversity within the AOB from environments where they are not numerically dominant.
FURTHER USE OF amoA AND OTHER PROTEIN-ENCODING GENES
The use of amoA has provided new possibilities for characterizing the diversity and size of AOB. Continued efforts in the sequencing of culture isolates and single ribotypeenrichment cultures are essential to allow for a more complete comparison of phylogenetic trees based upon 16S rDNA and amoA sequences. Other targets within the gene cluster encoding ammonia monooxygenase are also suitable for such applications (91), and their further development would help validate results based upon amoA. Of specific interest is the detection, characterization, and quantification of specific messenger RNA levels for amoA or other key enzyme-encoding genes. Analogous to the study of the NiFe hydrogenase gene of Desulfovibrio sp. (208) , combining specific amoA amplification with DGGE may be helpful, but primer limitations have hampered the development of this technology. As with other proteinencoding targets, the binding sites for amoA-specific primers necessarily contain degenerate positions, which may result in multiple DGGE bands from a single template because of the incorporation of multiple primer variants into the product (97) . Such limitations may be partially circumvented by the use of inosine residues at appropriate degenerate primer positions (185) . amoA sequence variants have also been detected by bisbenzimine derivative agarose gel retardation assays (156) and by the use of terminal restriction fragment length polymorphism (T-RFLP) analysis (73). The extremely high resolution and reproducibility of the T-RFLP method may make this an analytical method of choice in field-scale studies of AOB communities and PCR-amplified environmental gene-fragment mixtures in general (132), but further development of the method is necessary (141b).
AmoA is certainly not the only protein unique to AOB. AOB contain several other protein-encoding targets potentially suitable for the specific characterization of AOB populations in environmental samples (121) . Development of other functional markers for AOB detection and characterization should provide new perspectives into the diversity of AOB populations.
LINKING IDENTIFICATION WITH ACTIVITY Molecular analyses targeting DNA can provide some measure of the presence of particular bacterial groups, but they give little information with regard to activity. The amount of rRNA within a cell is thought to provide a first approximation of total cell activity (197) . Kowalchuk et al (96) used reverse transcriptase (RT-) PCR to target AOB-like rRNAs in compost samples. Comparison with DNA-derived patterns allowed inferences to be drawn about general activity of detected AOB populations. In situ hybridization techniques can also provide direct information regarding rRNA copy number, and continued improvements in these techniques and image analysis should continue to provide valuable data. Of course, 16S rRNA does not address the specific activities of AOB, and the use of RT-PCR strategies targeting specific mRNAs, such as those coding for AmoA, may provide information more relevant to ammonia oxidation.
Recently, a number of novel techniques have been applied to couple activity with phylogenetic identification. Microautoradiography can be coupled with the use of phylogenetic probes to identify organisms that incorporate labeled substrates (133) . This approach has already been applied to the study of activated sludge bacteria (125) . Isotope incorporation into DNA can also be used to recover DNA from active organisms, which in turn can be subjected to the variety of PCRbased approaches discussed above. Such an approach was recently developed by Radajewski et al (142) , who used PCR and cloning to identify organisms from environmental samples that had incorporated 13 C-labelled CO 2 , clearly a suitable approach for the study of autotrophic nitrifiers. Heavy isotope labeling of whole cells or DNA holds great promise for the analysis of active and inactive AOB populations under varying conditions.
GENOME SEQUENCING, FUNCTIONAL GENOMICS, AND DNA CHIP TECHNOLOGY
Genome sequencing for N. europaea should be completed by the time this review is printed, and it will no doubt provide new information on the metabolic potential of this bacterium (data is available online from the Joint Genome Research Institute at http://www.jgi.doe.gov). Given the vast potential of current sequencebased technologies, it is important that molecular studies be used to help recognize AOB of particular ecological relevance to steer future efforts in structural-and functional-genomics approaches.
Microarrays (microchips with attached polynucleotide probes) are fast becoming the approach of choice for acquiring detailed information about gene expression in complex systems (e.g., 212). This technology almost certainly offers the greatest potential for the study of microbial communities in situ, and its applicability to ammonia-oxidizer ecology has already been demonstrated by Wu et al (216) using amoA gene fragments from marine ammonia oxidizers as reverse probes. Microarray approaches have the potential to eliminate the need for PCR, thus reducing risks of contamination and the biases inherent to PCR. Furthermore, as genome sequences of additional AOB become available, true functional-genomics approaches should become possible, where gene expression within physiologically distinct strains is compared under different conditions. Such strategies may provide the clues to niche differentiation among AOB: What defines the physiological properties such as tolerance of acid, saline, or low oxygen conditions?
LIMITATIONS AND NECESSITY TO COMBINE METHODS
As with all molecular-based techniques, 16S rRNA-based techniques targeting AOB are limited by the specificity and coverage of the primers and probes used, as well as potential biases and artifacts introduced by the techniques. However, as discussed above, the rapid increase in available sequence information from culture strains and environmental clones should aid future primer/probe development.
The pitfalls of PCR-based techniques have been well documented and include biases in amplification efficiency (16, 180a) and intermolecular interactions during PCR that may result in the recovery of composite DNA fragments (107, 165, 198) . The detection of chimeric sequences is troublesome given the high level of 16S rDNA sequence identity within the β-subgroup AOB. It is difficult to determine to what extent procedural artifacts may introduce artificial microheterogeneity (165) as typically observed in AOB PCR-directed cloning studies (174) . However, comparisons to community-profiling approaches suggest that these effects may be considerable. Cloning-based and community-profiling approaches typically detect the same AOB sequence clusters in environmental samples. However, the former strategy rarely recovers a high number of perfectly identical clones, whereas DGGE results suggest the presence of a limited number of discrete ribotypes (105, 166, 173, 174) .
That recovered sequences from AOB typically fall into robust groupings that differ in their distribution across environmental gradients strongly suggests that physiological differences have evolved between such groupings. However, given that highly related bacterial populations can represent differentially selected ecotypes (204) , the physiological variation between closely related AOB may invalidate some of the generalizations hypothesized at the level of the sequence clusters given in Figure 2 . Furthermore, no single technique can be expected to provide a comprehensive view of microbial populations in their environment, and a combination of different techniques and molecular markers is always preferred.
Techniques for Other Nitrifiers
MOLECULAR CHARACTERIZATION OF γ γ -SUBCLASS AMMONIA-OXIDIZING BACTERIA
All primer sets, which are designed to target a specific phylogenetic grouping, must be engineered based upon extant sequence information. Unfortunately, there are very few available DNA sequences, 16S rDNA or otherwise, from γ -subclass AOB. Ward et al (202) attempted the specific detection of γ -subclass AOB in a hypersaline lake but recovered no detectable signal by PCR. However, the primers used were necessarily based upon the only two sequences available, and it is not yet known how well this system detects the full phylogenetic breadth of this clade.
Since the detection of γ -subclass AOB in marine habitats by immunoflorescent antibodies (200) , little progress has been made in the understanding of this potentially important group of bacteria, and we still know very little about its contribution to the AOB populations inhabiting the world's oceans. Nold et al (127) suggested that β-subclass AOB dominate the ammonia-oxidizing communities of a coastal marine sediment; however, detailed knowledge of the global distribution of β-subclass and γ -subclass AOB is scant. The recovery of a Nitrosococcus oceani-like γ -proteobacterial amoA sequence from a terrestrial gas-biofilter serves to remind us that the γ -proteobacterial AOBs should never be ignored, even in nonmarine habitats (155) . Critical to the development of molecular detection techniques for γ -subclass AOB is the isolation and sequence characterization of additional culture strains from this group.
ADVANCES IN THE CHARACTERIZATION OF NITRITE-OXIDIZING BACTERIA
The study of NOB has been hampered by many of the same obstacles encountered with the study of AOB. In addition to limitations in culture-based methods, development of molecular methods for NOB detection and characterization is hampered by the polyphyletic nature of this functional group (181) . The use of antibodies to specifically detect particular NOB populations has furthered this field (200) , and the development of monoclonal antibodies for specific NOB lineages represents a significant advance in the study of these bacteria (15). Until relatively recently, it was believed that Nitrobacter was the dominant, or even the only, nitrite-oxidizing genus in most nonmarine environments (207) , and Degrange & Bardin (50) developed an MPN-PCR method to estimate the size of Nitrobacter-like populations in soils. However, many of the most ecologically important nitrite-oxidizing strains may not fall within this genus (85) . Thus, the actual distribution of nitrite-oxidizing lineages in the environment remains a topic of future study. Several probes have been developed to detect various nitrite oxidizer populations, and they have been used in the detailed analysis of interactions between AOB and NOB (see above). However, methods for the direct recovery of uncultured nitrite oxidizer nucleic acids from complex environmental samples are still lacking.
HETEROTROPHIC NITRIFIERS The trait of heterotrophic nitrification is distributed over a wide phylogenetic range of bacteria, complicating the development of molecular assays specific for heterotrophic nitrifiers. Although it may be possible to target specific groups of heterotrophic nitrifiers using molecular targets, it is probably impossible to target this broad and variable group of organisms by the use of a single molecular strategy. The use of molecular techniques, including the use of polar fatty acid analysis, has been instrumental in advancing the microbial ecology of MOB, but such advances are still lacking for other groups capable of heterotrophic ammonia oxidation. Furthermore, the range of metabolic activities for heterotrophic nitrifiers is much more diverse than that of chemolithotrophic nitrifiers, and the conditions used to demonstrate the potential for heterotrophic nitrification are very different than those encountered in vivo. Thus, the detection of potential heterotrophic nitrifiers does not ensure that these organisms actually play a role in nitrogen conversions in the environment. It may be possible to target functional genes coding for enzymes involved in heterotrophic nitrification. However, the primary functions of these enzymes may vary widely, making such assays less than specific for ammonia oxidation. In general, heterotrophic nitrifying bacteria do not appear to represent a group that is readily accessible by molecular biological strategies.
ANAMMOX Anammox bacteria are currently impossible to grow in pure culture and typically exhibit an extremely slow growth rate, with a minimum doubling time of 9 days (178) . The mechanism of this reaction has been elucidated, and recent molecular data (110, 178) have revealed that the bacteria that appear to be responsible for this reaction belong to the Planctomycetes division, a surprising finding as the few cultured members of this division are all organotrophs (Figure 2 ). Most interestingly from the point of view of this review, the Anammox organisms seem to represent a monophyletic lineage with genus level divisions, analogous to the Nitrosomonas-Nitrosospira subdivisions within the aerobic β-subclass ammonia oxidizers (156) . This knowledge opens the possibility of using similar molecular approaches to study the ecology of these organisms to those described for β-subclass ammonia oxidizers here, and such efforts have indeed begun (161a).
Modeling and Applications
USE IN BIOTECHNOLOGY Studies attempting to describe the microbial communities active in bioreactors aim primarily to elucidate the population structures characteristic of fully functional and failing systems. In this way, it is assumed that reactor failure can be predicted before the established transforming community is seriously damaged or washed out of the system. Such approaches may target the entire bacterial community (9, 52, 126) or key components such as the β-AOBs. The latter approach may have advantages owing to functional redundancy in the wider microbial community, such that considerable changes in community structure may not influence functional reactor stability (55, 63) . However, modeling such seemingly simple environments can still be highly complex (134) , and one must recognize that certain nitrifying lineages may be particularly well suited for a particular reactor setup and waste input (179) . Thus, the maintenance of specific nitrifying populations may be essential to reactor health, and attempts to identify and model these communities are of considerable importance (150, 194) . Similarly, if reactor activity is to be enhanced by bioaugmentation with nitrifying bacteria, it follows that the inoculum must consist of species that are suited to the reactor environment. The same is assumed to be true of soil systems, given that soil characteristics determine the balance of β-AOB species types (34, 64, 98, 99, 173, 174) . Although the primary role of β-AOBs in biotechnology is currently in nitrogen transformations for wastewater management, including soil-based wastewater treatment (rhizoremediation) (5), they also hold considerable potential for the degradation of numerous recalcitrant waste chemicals.
REMEDIATION OF RECALCITRANT POLLUTANTS
Due to the broad substrate specificity of ammonia monooxygenase, AOB have the potential to act upon a number of substrates, some of which can be highly damaging and recalcitrant in the environment. Anthropogenic pollutants oxidized by β-AOBs include trichloroethylene, chloroethane, benzene, various halogenated aliphatics, dimethylether, and natural and synthetic estrogens (11, 70, 76, 86, 143, 144, 184, 187, 217) . AOB do not derive energy from the oxidation of any of these substrates, which can generally be considered as inhibitors of autotrophic ammonia oxidation. Furthermore, the redox potential of the environment can be critical to the bioavailability of many pollutants, including heavy metals, as well as to the activity of other microorganisms that play important roles in the remediation of such compounds (36, 80, 172) . Thus, the activity of AOB may have both direct and indirect effects on environmental cleanup mechanisms. Monitoring the health and species composition of β-AOBs in polluted environments and bioreactors can be seen to be an important aspect of microbial ecology. However, it should be noted that lab-based studies in this area have all concentrated on N. europaea, a nitrifier not abundant in many environmental settings, and that environmental matrices affect the rate of co-oxidation of pollutants (70) .
Use of Ammonia-Oxidizing Bacteria as Indicator Organisms
It is clear that physiological differences exist among ammonia-oxidizer ecotypes, and certain populations seem to correlate with particular environmental factors. The degree to which ammonia-oxidizer populations specialize in and are indicative of specific environmental factors is not yet known, but some areas of study offer hope for the use of AOB as indicator organisms.
A number of studies have demonstrated a relationship between the presence of distinct ammonia-oxidizer populations and specific environmental conditions. As indicator organisms, changes in both AOB numbers and species composition have been postulated as in situ indicators of the biological impact of pollutants including fish-farm waste, heavy metals, and hydrocarbons (51, 116, 172) . Similarly, AOB community structure may help in defining endpoints to the recovery of land from agricultural perturbation (34, 98, 99) and bioreactor stability (150, 194) . Whether these observations are robust enough to allow a general coupling of ecological parameters with β-AOB sequence information can be determined only by future observations at disparate sites. To be useful as indicators, the methods employed to monitor fluctuations in β-AOB community size and composition must be sufficiently rapid and accurate to predict deterioration in the community in time to allow remediative steps to be taken, such as shutting off reactor inflow. Several methods currently exist, including in situ hybridization (85, 122, (194) (195) (196) , 16S PCR-DGGE (12, 97, 173) , and terminal restriction fragment length polymorphism analysis (T-RFLP) of PCR amplified fragments of amoA (73) .
CONCLUSION From Black Box to the E. coli of Molecular Microbial Ecology
The β-subclass proteobacteria ammonia oxidizers have provided us with an ideal group of microorganisms to develop molecular ecological methods. Although much has been learned about the organisms themselves, much has also been learned about the advantages, limitations, and pitfalls inherent in these approaches. Rather than superceding traditional culture-based analyses, these studies have provided new impetus to the generation of pure cultures. Only pure cultures can unequivocally demonstrate that organisms belonging to, for example, the inferred cluster 1 Nitrosospira and cluster 5 Nitrosomonas are not methodological artifacts and indeed have the capacity to grow as chemolithotrophic ammonia oxidizers.
β-subclass chemolithotrophic ammonia oxidizers are certainly not the only organisms of global importance amenable to targeted molecular analysis. For example, Achromatium oxaliferum remains uncultured and may be central to sulfur and iron metabolism in freshwater sediments (61) ; the SAR11 cluster of α-proteobacteria and Group I Archaea (57, 58a) are abundant in the world's oceans, yet molecular data is the only knowledge we have of their existence. Clearly, much of the world's nutrient cycling is carried out by microorganisms that have not been isolated, and much of the world's nutrient sink exists as the biomass of these organisms. Although the molecular methods necessary to identify and model the activities of these organisms are now largely in place, a crucial component is missing. No standard protocols have been laid down for the application of these approaches, most importantly for cell disruption and nucleic acid isolation and amplification. Despite the lack of these standards, the picture of the relationship between β-AOB phylogeny and ecology emerging from disparate laboratories is reassuringly consistent. However, methodological differences mean that the results of some related studies are difficult to compare even in the field of AOB research. Standard protocols, as exist for environmental chemistry, have not yet been established in microbial ecology (128) , but their adoption is a necessary step if the scientific and commercial potential of this area is to be fully exploited.
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